Contamination with polycyclic aromatic hydrocarbons (PAHs) is considered an important health issue due to the toxicity of these compounds. Photocatalytic degradation of anthracene, a representative molecule of PAHs, using the high quantum yield semiconductor ZnO, has been reported. The solubility of anthracene in water makes necessary to use mixtures with organic solvents in fundamental degradation studies. It is well known that some organic solvents participate in the photochemical transformation of this molecule. In the PAHs photocatalysis, the competition between a semiconductor and solvents has not reported. Therefore, in this work, we decided to study the photocatalytic degradation of anthracene with two common reaction media and nanostructured ZnO. The semiconductor was obtained by a one pot method which consists in an alkaline hydrolysis of Zn(CH 3 COO) 2 ⋅2H 2 O in ethanol. Nanoparticles size in colloidal dispersion was calculated using UV-Vis spectroscopy and High Resolution Transmission Electron Microcopy (HR-TEM). ZnO powder was isolated and characterized by X-ray diffraction to be used in photocatalytic experiments. Surface area determination and photocurrent spectroscopic experiments were also carried out. Linear sweep voltammetries under darkness and UV-Vis irradiation indicate a charge separation due to photoexcitation. Photocatalytic experiments in ethanol:water pH 12 (1:1) and acetone:water pH 12 (1:1), with and without ZnO was explored. The results demonstrated that ethanol:water and acetone:water promotes the photo-transformation of anthracene to 9,10-anthraquinone. Meanwhile, ZnO transformed anthracene to benzoic acid and to 9,10-anthraquinone in ethanol:water and acetone:water, respectively. A faster photochemical kinetic is observed when acetone was used as solvent in the presence and in the absence of ZnO.
INTRODUCTION
Anthropogenic activities have caused a wide distribution of polycyclic aromatic hydrocarbons (PAHs) in atmosphere, soil, sediment and water. This group of compounds has been associated with mutagenic and carcinogenic activity, which makes them dangerous for human health. 1 The US Environmental Protection Agency (EPA) has included 16 of these compounds as priority pollutants. 2 For this reason, oxidation degradation processes of PAHs including the model molecule anthracene have been reported. Microbial degradation has been used to achieve this goal. However, low efficiency and long time are the main disadvantages. 3 Heterogeneous photocatalysis with nanostructured semiconductors has attracted recently interest, due to the low cost and high efficiency in the treatment of recalcitrant contaminants. The high quantum yield of ZnO and easy methods of preparation in comparison with other typical semiconductors such as TiO 2 has been a motivation to use this material. [4] [5] [6] Currently, there are few studies for the degradation of PAHs with synthetic ZnO and GaN:ZnO. 7, 8 In these type of studies the use of methanol, dichloromethane, acetonitrile, 9 ethyl acetate and acetone 10, 11 is necessary due to the low solubility PAHs in water. On the other hand, it has been demonstrated that PAHs are photo-transformed in the presence of pure organic solvents or in water mixtures. [12] [13] [14] This fact makes difficult to identify the role of solvent in the in the photochemical transformation of PAHs in the presence of semiconductors. Hence, we decided to study the photocatalytic reaction of anthracene, using nanostructured ZnO and two reaction media to understand the competition between the semiconductor ZnO and typical solvents (ethanol and acetone) in the transformation of a representative molecule of PHAs. This study is intended to design simpler methods to improve photocatalytic degradation of polycyclic aromatic hydrocarbons.
EXPERIMENTAL SECTION

Reagents
Zinc acetate dihydrate, Zn(CH 3 COO) 2 ⋅2H 2 O (J. T. Baker, 99 %); sodium hydroxide, NaOH (J. T. Baker, 98.2 %); ethyl alcohol absolute, CH 3 CH 2 OH (Aldrich 99 %); acetone, CH 3 COCH 3 (Aldrich 99 %); hydrochloric acid, HCl (J. T. Baker; 37.3 %); anthracene, C 14 H 10 (Aldrich 99 %); dichloromethane, CH 2 Cl 2 (J. T. Baker 99 %); were used without further purification; multicomponent solution (RESTEK 99 %); ultrapure water (18 MΩ cm -1 ) was obtained from a UV Millipore system.
Synthesis of colloidal ZnO nanoparticles
ZnO nanoparticles in colloidal dispersions were obtained by a modification of a previously described method, 15 which presents the advantage of being a one pot synthesis. The reaction corresponds to a simple alkaline hydrolysis of zinc acetate (Equation 1). 0.011 g (0.0272 mmol) of Zn(CH 3 COO) 2 ⋅2H 2 O was dissolved in 25 mL of ethanol at room temperature, followed by the addition of 0. (1)
The obtained colloidal dispersion was characterized by UV-Vis spectroscopy, using a Thermo Scientific Evolution Array spectrophotometer. Emission spectra was acquired with a spectrofluorometer Horiba Jobin Yvon/Fluorolog (λ exc = 350 nm) from 315 to 800 nm. The morphology and size distribution of the ZnO nanoparticles were studied by high-resolution transmission electron microscopy (HR-TEM) (Tecnai F30-300 kV).
Isolation and characterization of ZnO powder
Freshly prepared colloidal dispersion of ZnO nanoparticles in ethanol was concentrated by slow evaporation with airflow over the solution, using a commercial 12 V fan until a slurry white solution was obtained. The dispersion was centrifuged at 3500 rpm for 20 minutes. A white powder was separated and washed with ethanol and acetone. XRD analyses were performed placing the sample over a glass slide, using a Bruker-AXS D8 advance diffractometer (Cu K α λ = 1.5406 Å). The collected data was refined by the Rietveld method using the software FULLPROF SUITE. 16, 17 Thompson-CoxHastings pseudo-Voight function was used to model peak shape and preferred orientation. The background was modeled as a polynomial with 6 refined coefficients. The nitrogen adsorption-desorption isotherms were recorded using an Autosorb iQ 2 equipment. The specific surface area was calculated by applying the BET equation to the nitrogen adsorption isotherm and the Barret-Joyner-Halenda (BJH) method to desorption branch of the nitrogen isotherm, respectively.
Electrochemical characterization
Electrochemical characterization was performed using ZnO deposit over photo-electrodes prepared by spin-coating technique with a home-made device, see Scheme 1. A ZnO suspension (15 mg mL -1 in ethanol) added at rate 60 µL min -1 with a rotating speed of 1800 rpm over a conducting glass substrate (SOLEMS, FTO 20 omhs). After spin-coating, a thermal annealing was performed at 200 °C (10 °C min -1 , 1 h) under air. Electrical contact to the FTO was done with silver conducting paint (Radio Spares, 186-3593) to a copper wire and isolated with epoxy resin (3M, Scotch-weld DP-190). For all the experiments, a 0.1 mol L -1 NaOH solution (pH 12.9) outgassed with N 2 was used as supporting electrolyte. The electrochemical measurements were performed at 25 °C in a three-electrode cell equipped with a quartz window, using a SP-300 Bio-logic potentiostat-galvanostat. A glassy carbon electrode and a reversible hydrogen electrode (RHE) served as counter and reference electrode, respectively. ) were obtained by light chopping (Lambda SC shutter controller) with on-off periods of 10 s. The effective irradiance power at electrode distance was 34 mW cm -2 using a 175 W Xenon lamp (Spectral Products ASB-XE-175EX polychromatic source).
Photocurrent spectroscopy
Photocurrent spectroscopy measurements were recorded with electrode polarization at 1.0 V/RHE and scanning wavelengths from 305 nm to 550 nm using a 175 W Xenon lamp (Spectral Products ASB-XE-175EX polychromatic source) coupled to a motorized monochromador (Horiba Jobin Ybon 0106-07-07). The quantum yield was also evaluated by photocurrent action spectra measurements. After lamp spectrum normalization, the IPCE (Incident Photon-toelectron Conversion Efficiency) was obtained.
Photocatalytic experiments
Photocatalytic experiments were performed at room temperature using a single 15 W UVC lamp with emission at 254 nm in order to avoid recombination processes. A quartz cell with PTFE stopper and path length of 1 cm was used as batch reactor. The distance between the cell surface and the lamp was 8 cm. The irradiation power (31.4 µW cm -2 ) was measured with a Radiometer Cole-Parmer UVX. A volume of 3.5 mL of anthracene was used, in a concentration of 20 ppm in ethanol:water pH 12 or acetone:water pH 12 solutions (1:1). Experiments in absence and in the presence of 1.5 mg of ZnO nanoparticles powder were carried out separately. The reaction solution was stirred in darkness for five minutes to establish the adsorption/ desorption equilibrium of anthracene on ZnO surface. Photocatalysis of anthracene (20 ppm) in pure ethanol and pure acetone were also evaluated. The total time in photocatalytic experiments was 60 minutes. UV-vis spectra were measured every 5 minutes changing the quartz cell from the photoreactor to the spectrophotometer. At end of reaction time, the mixture centrifuged to remove the photocatalyst. Then, volatile products were extracted with dichloromethane. The resulting solutions were analyzed by a gas chromatograph (Agilent 68.90 plus) containing a column of HP-5ms (5 %-phenyl)-methylpolysiloxane, coupled to a mass spectrometer (Agilent 59.73). Chromatographic analysis of solutions exposed directly to UV radiation was performed using a Waters (México) H-Class Acquity ultra-performance liquid chromatography system (UPLC), which included a quaternary solvent manager, photodiode array detector (PDA), cooling autosampler and an oven for analytical column. Chromatographic data were collected , a column temperature of 30 °C and an injection volume of 10 µL. A PDA detector system was employed obtaining chromatograms by recording a multi-wavelength set in the wavelength range 200 -800 nm. Anthracene, 9,10-anthraquinone, and benzoic acid in different reaction media, with concentration ranging from 1 ppm to 20 ppm, were used as reference solutions for calibration curves. To separate ZnO residues, samples and standards were filtered using a 0.2 µm nylon membrane.
RESULTS AND DISCUSSION
Synthesis and characterization of colloidal ZnO nanoparticles
In order to demonstrate the formation of ZnO in colloidal dispersion, UV-vis and emission spectrums were acquired. Figure  1a) shows a typical electronic absorption band edge at 367 nm, characteristic of ZnO nanoparticles in colloidal dispersion. Using this value, and according to the Wannier exciton model, it was possible to calculate a nanoparticle size considering spherical shape and the band gap value; of 5.18 ± 0.3 nm and 3.4 eV, respectively. [18] [19] [20] [21] [22] In Figure 1b ) a broad green emission peak at 533 nm is observed when the sample is excited at 350 nm. This response could be related to surface defects such as singly ionized oxygen vacancy (V O+ ), described by Vanheusden K. et al., 23 the oxygen vacancy is an intrinsic donor in ZnO, suggesting that there are reactive sites with low recombination. [24] [25] [26] Figure 2 shows a selected HR-TEM image of ZnO nanoparticles. Typical d hkl distances for wurtzite (hexagonal) ZnO phase were observed. By counting over 100 particles, a polydisperse size distribution nanoparticles ranging from 3.5 nm to 5.5 nm was calculated.
Characterization of the isolated powder of ZnO nanoparticles
For photocatalytic experiments, semiconductor powder was isolated. Hence, a completed characterization is presented in this section. Figure 3 shows a typical X-ray pattern of the ZnO powder. In the same graph, its corresponding Rietveld refinement plot is shown, indicating that the sample presents a wurtzite-type structure (JCPDS 89-1397). A good concordance between experimental and calculated diffraction patterns was observed. Nanoparticle size of 5.2 ± 0.1 nm was calculated using the Debye-Scherrer equation. )
. Figure 4 shows a typical adsorption-desorption isotherm, which according to IUPAC correspond to a mesoporous solid (type IV) with multilayers adsorption. Another characteristic observed from the isotherms is the difference between the adsorption and desorption curves, which suggests the possible development of hysteresis due to irregular capillary condensation, that can be understood as a process where a vapor phase (water) fills the porous of a material with a condensation of this phase and is related to an increase of Van der Waals interaction between molecules within the porous of material.
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Electrochemical characterization and band gap determination
Linear weep voltammetries under illumination and darkness using ZnO-FTO electrodes were carried out to demonstrate photo-induced ) separation process with no significant differences on E onset . It is important to remark that, for semiconductor electrodes, the recombination is manifested as negative spikes in current density when illumination is cut-off, depending on the surface states and structural defects that are overcome when a strong electric field is achieved at high over potential in comparison with E onset . In this case, the photocurrent, where recombination is not presented at E > 0.5 V/RHE. This is also confirmed by the chronoamperometric measurements presented in Figure 6 . These experiments were recorded while polarizing at 1.0 V/RHE allowing the electrode to reach a stable current (dark current) and then irradiating it with polychromatic (UVVis) light. From such curves it is possible to conclude a very fast onset (On) and decay (Off) response to irradiation, which is analog to Figure  5 in the same potential range. 28, 29 The quantum yield was also evaluated by photocurrent action spectra measurements. These measurements were recorded while the electrodes were polarized at 1.0 V/RHE and the wavelengths was scanned from 305 to 550 nm. From linear voltammetry it was established that when the electrodes are polarized at high potential values no recombination was observed and therefore reliable photocurrent spectroscopy could be measured. The IPCE (Incident Photon-to-electron Conversion Efficiency) is shown in Figure 7a ). The absorption edge for colloidal ZnO occurs at λ onset = 395 nm. Figure  7b) shows the Tauc plots for these electrodes, where the band-gap (Eg) was obtained from the intersection with X-axis (photon energy) of an extrapolated straight line where the absorption edge starts, see equation 2. The Eg value was 3.15 eV, which is smaller than the commercial material 3.22 eV.
Stability of ZnO for photocatalytic experiments
The selection of pH for photocatalytic test was based on ZnO predominance diagrams (see Figure 8) , calculated with Hydra Medusa software. In a similar experimental conditions and according to literature. It can be observed that for pH > 8 the predominant species is ZnO.
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Competition between ethanol:water and ZnO in the photocatalytic degradation of anthracene
Photochemical competition between ethanol and ZnO in anthracene transformation under UV radiation at 254 nm was studied using UV-visible absorbance measurements at 325, 340, 357, and 377 nm, characteristic of π→π* electronic transitions. Figure 9 shows a typical degradation efficiency (C t /C 0 ) vs. time plot for pure (a) ethanol, (b) ethanol:water pH 12 and (c) ZnO-ethanol:water pH 12. When pure ethanol was used, the degradation of anthracene did not occur. On the other hand in reaction system containing ethanol:water (pH 12) a degradation efficiency of 30% was recorded at 25 minutes. After this time anthracene was not detected, yielding a yellowish solution with two new signals at 450 and 375 nm, associated to the presence of anthraquinone derivatives. 31, 32 In the presence of ZnO no change in color solution was observed and a degrataion efficiency of 60 % was achived at 55 minutes. Using integrated rate equations for chemical kinetic analysis the systems ethanol:water pH 12 in the presence and in the absence of ZnO presented a first-order reaction, with similar reaction-rate constant values. Table 1 summarizes kinetic parameters obtained by fitting data. 33 A comparison between these kinetic parameters suggests a similar reaction mechanism at initial times. However, the fact that 
V/RHE) response when UV-Vis light was irradiated (on) and interrumpted (off)
anthracene is detected at longer photocatalysis time (55 minutes) in the presence of semiconductor, suggests a parallel degradation pathway. Extracted solutions with CHCl 3 for both cases were analyzed using gas chromatography coupled to mass spectrometry (GC/MS). Figure 10 shows gas chromatograms in CHCl 3 for (a) anthracene standard solution (20ppm) and the obtained extracts from (b) photolysis solution (ethanol:water pH 12) and from (c) photocatalytic solution (ZnO-ethanol:water pH 12). A decrease in ion abundance for signal at retention time value of 20.55 min, associated to anthracene is registered. It can also be observed a new signal at 22.70 min retention time, attributed to 9,10-anthraquinone. Mass spectrum of the aforementioned signals confirm this assertion, see Figure 11 . In order to identity products in solutions exposed directly to UV radiation, ultra-performance liquid chromatography (UPLC) with photodiode array detector (PDA) was carried out. Figure 12 shows UPLC chromatogram for the ZnO-ethanol:water pH 12 solutions exposed to UV radiation after 60 minutes. The chromatogram shows signals at retention time values of 0.261, 1.37, and 4.399 min, with their corresponding UV-vis spectra. This figure allows us to state the presence of 9,10-anthraquinone (54%), benzoic acid (35%) and anthracene (1%), due to the same retention times and UV-vis spectrum of standard solutions. This analysis was done for all the other solutions exposed to UV radiation. A summary of percentage (%) of each compound in all solutions are presented in Table 1 . In a general trend 9,10-anthraquinone is the main product in ethanol:water pH 12, meanwhile ZnO, promotes the formation of a more oxidized byproduct, benzoic acid.
According to literature, it is possible to propose that for initial times the determinant step is hydroxyl radicals (OH⋅) generated from OH -or H 2 O. At long times, hydroxyl radicals (OH⋅) from a separation charge process of ZnO, react in low energetic sites of anthracene, producing 9,10-anthraquinone, or a more oxidized compounds such as benzoic acid. [34] [35] [36] This experimental evidence is in agreement with reactivity sites described by Nu (Dewar) values for the positions of anthracene, 37-39 see Figure 13 , where the positions 9 and 10 are preferentially attacked. absorption signals at 395, 423, 476 nm, are also observed. 31, 32 In the presence of pure acetone (a) anthracene is still detected near to 50 minutes of photolysis. No changes in color solution were observed. Using chemical kinetic analysis, all systems presented a zero-order reaction. For acetone:water pH 12 and ZnO-acetone:water pH 12 the same reaction rate constant value for anthracene photo-transformation was calculated, which is lower than that obtained for pure acetone, see Table 2 .
In order to explore the presence of byproducts, (GC/MS) and (UPLC), with a photodiode array detector (PDA) were also carried out. In the extracts obtained from all conditions, in GC/MS, the only detectable compounds were anthracene and 9,10-anthraquinone, at retention time values at 20.52 and 22.60 minutes respectively, see Figures 15 and 16 . Using (UPLC-PDA) the presence of anthracene and 9,10-anthraquinone was confirmed in the reaction media ZnOacetone:water pH 12, see Figure 17 . A summary of percentage (%) of the main compounds in all the photo-transformations are presented in Table 2 . It should be highlighted that 9,10-anthraquinone is the main product in acetone:water pH 12 in the presence or in the absence of 
CONCLUSION
It was possible to study the photodegradation of anthracene to understand the effect of solvent in the presence and absence of ZnO nanoparticles. Comparing the reaction pathways in acetone and ethanol, marked differences were observed. When ZnO was used in ethanol:water pH 12 as reaction medium, colorless solutions with high oxidized products such as benzoic acid were detected due to photocatalysis and photolysis. In the case of ethanol:water pH 12 with photolysis processes are presented. Moreover, pure ethanol has no important role in the photodegradation of anthracene. On the other hand photocatalytic systems using acetone:water pH 12 solution the main product was the 9, 10-anthraquinone, with no participation of the semiconductor (occurring only photolysis). Finally, when acetone was use as reaction medium the photochemical transformation of the anthracene molecule yield probably simple polar byproducts.
